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Abstract 
A new finite element method with the interface element was developed for examining the microstructural fracture 
behavior, where the anisotropy of grain was modeled by the ordinary finite element while both the opening and shear 
deformations was demonstrated by the interface element.  From the serial computations using two-dimensional 
virtual polycrystalline models obtained through Voronoi tessellations, it was found that the interaction between the 
interaction between opening and shear deformations would be a dominant factor of the fracture processes.  Also, it 
can be concluded that this method would be a useful tool for examining microstructural fracture behavior. 
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1. Introduction 
Recently, various types of advanced structural materials such as high strength steel, multifunctional 
materials, advanced composite materials and so on have been developed by controlling their 
microstructure precisely.  In these advanced materials, there is a strong demand to use the super high 
strength steel for reducing the weight of transportations and saving the carbon dioxide.  As for the 
practical use of this steel, its fracture behavior should be estimated theoretically.  Although there have 
been various experimental studies about its macroscopic fracture behavior [1], the microstructural 
 
* Corresponding author. Tel.: +81-6-6879-8665; fax: +81-6-6879-8645. 
E-mail address: serizawa@jwri.osaka-u.ac.jp. 
doi:10.1016/j.proeng.2011.04.093
Procedia Engineering 10 (2011) 556–561
1877-7058 © 2011 Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ICM11
Open access under CC BY-NC-ND license.
© 2011 Published by Elsevier Ltd. 
Selection and peer-review under responsibility of ICM11
Open access under CC BY-NC-ND license.
Hisashi Serizawa et al. / Procedia Engineering 10 (2011) 556–561 557
deformations have not been revealed sufficiently because only the elastic-plastic deformation of grain has 
been modeled in the conventional finite element method. 
In order to demonstrate the interfacial behavior numerically and directly, the authors have developed 
the interface element and its have been applied for examining the various elastic and elastic-plastic 
fracture processes, which are for examples the crack propagation behavior in a plate with a center crack, 
the peeling process of resin coated on the steel plate, the fracture behavior of the ceramic composite joints 
[2,3].  From these computations, it was revealed that the fracture strength based on only the classic 
fracture mechanics could be predicted by using the interface element by selecting the appropriate values 
for the parameters in the interface element [3]. 
In this study, the microstructural fracture behavior was examined by using the finite element method 
with the interface element.  Since the grain has its own grain orientation which affect the mechanical 
properties, the anisotropic deformation of grain due to the grain orientation was modeled by the ordinary 
finite element.  On the other hand, the opening and slipping at grain boundary was demonstrated by the 
interface element where the effect of grain orientation on the mechanical property at the grain boundary 
was taken into account.  By using two dimensional virtual polycrystalline models obtained through 
Voronoi tessellations, the microstructural fracture behavior was investigated. 
2. Analysis Method 
2.1. Model for analysis 
Two dimensional virtual polycrystalline models were created by using Voronoi tessellations where the 
grain size, aspect ratio of grain and grain orientation were assumed to follow the lognormal, standard and 
random distributions, respectively according to the microstructural observations of conventional steel [4].  
Figure 1 shows the kinds of finite element models based on the virtual microstructures whose size was set 
to 426 x 426 Pm for assuming the average diameter of grain as 90 Pm.  These models consist of 30 grains, 
whose orientations are varied.  In order to demonstrate the interfacial deformation, the interface elements 
were arranged along all grain boundaries.  The boundary conditions were also as shown in Fig. 1. 
 
 
Fig. 1. Virtual polycrystalline models obtained through Voronoi tessellations 
2.2. Interface element 
Essentially, the interface element is the distributed nonlinear spring existing between surfaces forming 
the interface or the potential crack surfaces as shown by Fig. 2(a).  The relation between the opening of 
the interface G and the bonding stress V is shown in Fig. 2(b).  When the opening G is small, the bonding 
between two surfaces is maintained.  As the opening G increases, the bonding stress V increases till it 
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becomes the maximum value Vcr.  With further increase of G, the bonding strength is rapidly lost and the 
surfaces are considered to be separated completely.  Such interaction between the surfaces can be 
described by the interface potential.  There are rather wide choices for such potential.  The authors 
employed the Lennard-Jones type potential because it explicitly involves the surface energy J which is 
necessary to form new surfaces.  Thus, the surface potential per unit surface area I can be defined by the 
following equation. 
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Where, Gn and Gt are the opening and shear deformation at the interface, respectively.  The constants J, 
r0, and N are the surface energy per unit area, the scale parameter and the shape parameter of the potential 
function.  In order to prevent overlapping in the opening direction due to a numerical error in the 
computation, the second term in Eq. (1) was introduced and K was set to have a large value as a constant.  
Also, to model an interaction between the opening and the shear deformations, a constant value A was 
employed in Eq. (2) as an interaction parameter.  From the above equations, the maximum bonding stress, 
Vcr, under only the opening deformation Gn and the maximum shear stress, Wcr, under only the shear 
deformation Gt are calculated as follows. 
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Fig. 2. (a) Representation of crack growth, (b) Relationship between crack opening displacement and bonding stress 
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By arranging such interface elements along the crack propagation path as shown in Fig. 2(a), the 
growth of the crack under the applied load can be analyzed in a natural manner.  In this case, the decision 
on the crack growth based on the comparison between the driving force and the resistance as in the 
conventional methods is avoided.  The parameters involving above two equations were determined for 
demonstrating Į-Fe fracture behavior.  Namely, the surface energy J and the shape parameter N were 
assumed to 2.0 N/mm and 4, respectively.  The scale parameter r0 is the property related to maximum 
bonding and sliding stresses (Vcr and Wcr), and was determined according to the misorientation angle 
between neighbor grains as described in the following section. 
2.3. Anisotropy in grain 
The properties of each grain in metallic materials have anisotropy due to the direction of grain growth.   
In order to demonstrate the microstructural deformation precisely, the anisotropy has to be taken into 
account and was assumed by changing the elastic moduli of each direction (E11, E22 and G12) in the two 
dimensional analysis.  The material studied in this research was Į-Fe which has hexagonal crystal lattice, 
and target plane was assumed to (110) plane since the anisotropy of moduli was significantly appeared.  
According to the compliance of hexagonal crystal for Į-Fe [5], the elastic moduli in anisotropic grain 
were determined.  Namely, the moduli of each direction in (110) plane (E11, E22 and G12) were set to 
125.0, 210.5 and 66.20 GPa, respectively. 
2.4. Anisotropy at grain boundary 
Generally, the intergranular fracture is caused by crack opening and slipping at grain boundaries.  The 
interface element can demonstrate such deformations by employing the interaction parameter A in Eq. (2).  
In the case with small value of parameter A, the interfacial slipping easily occurs in comparison with the 
crack opening.  The parameter A was varied as 1.0, 0.25 and 0.01 in order to examine the influence of 
difference between opening and shear strength (Vcr and Wcr), on the microstructural fracture behavior. 
The grain boundary can be regarded as disorder of atoms between neighbor grains.  So, it can be 
assumed that the fracture strength at grain boundary would be related to the boundary energy, which 
could be determined by the atomic disorder at the boundary.  There have been many researches about the 
symmetric tilt boundary, and various boundary energies in different plane were studied by using the 
molecular dynamic method.  Tanaka et al. examined <110> boundary energy of molybdenum and 
revealed that the square of fracture strength Vgb would be linearly proportional to the grain boundary 
energy Jbd [6].  Since the boundary energy of Į-Fe was reported [7], the authors assumed that the opening 
fracture stress of Į-Fe would follow the relation to misorientation. 
3. Results and Discussions 
3.1. Elastic analysis 
As a basic research for examining the applicability of this method for the microstructural fracture 
process, the influences of anisotropy in grain and interaction parameter A on the fracture behavior were 
studied assuming only the elastic deformation in grain while the grain boundary was set to anisotropic 
due to the neighbor grain orientations.  Figure 3 shows typical results of isotropic and anisotropic grains 
in Model 30-1 under applying 3.0 % strain and in Model 30-2 under applying 2.0 % strain, where the 
parameter A was varied and the tensile stress distributions were plotted.  In only the cases of Model 30-1 
with 0.01 for A, the effect of anisotropy in grain on the crack propagation behavior could be observed 
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while the fracture behaviors in other cases would not be affected by the anisotropy in grain.  On the other 
hand, the influence of parameter A was significantly observed when A was 0.01 regardless of grain 
configuration since the slipping at grain boundary was generated.  From these results, it can be concluded 
that the interaction parameter A would be a dominant effect on the microstructural fracture behavior. 
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Fig. 3. Influence of anisotropy in grain and at grain boundary on microstructural fracture behavior (a) Model 30-1, (b) Model 30-2 
3.2. Elastic-plastic analysis 
In order to examine the applicability of this method for the elastic-plastic problems, the slip 
deformation at grain boundary were calculated and the computed results were compared with the 
experimental observations conducted by Dr. Higuchi, where the mechanical property of grain was 
assumed to isotopic according to the elastic analyses.  In the experiment, the grid mark-off lines were 
marked on the surface of tensile specimen for ferritic steel and the tensile load was applied.  By applying 
the tensile load, the slip deformations at grain boundary could be obtained through the microscopic 
observation of the grain boundary across the mark-off lines.  The slip lengths parallel and transverse to 
the loading direction were measured separately.  On the other hand, in the numerical analyses, five lines 
parallel and transverse to the direction of forced displacement were set for examining the interfacial slip 
at grain boundary and the computed slip lengths were compared with the experimental results.  According 
to the experimental indentation tests of the grains, the grain was assumed to the elastic-exponential work 
hardening plastic material where initial yield stress, strength index and strain hardening index were set to 
125 MPa, 45 MPa, 0.3, respectively.  Meanwhile the interfacial property at grain boundary was assumed 
to anisotropic due to the neighbor grain orientations as same as the elastic analysis. 
Table 1 shows the experimental and computational results of Model 30-1 where the square root of 
interaction parameter A was varied from 0.01 to 1.00 in order to study the influence of interfacial 
property on the microstructural fracture behavior.  From this result, it was found that an appropriate value 
of A  for demonstrating the interfacial behavior would be 0.25.  The same analysis was conducted using 
Model 30-2 assuming the value of A  as 0.25, the slip lengths parallel and transverse to the direction of 
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forced displacement were computed to 2.85 and 1.21 Pm, respectively, that seems to indicate that the 
slipping behavior at grain boundary might not be affect by the grain configuration and the anisotropy of 
interfacial property would be a dominant factor.  Moreover, it can be concluded that this finite element 
method with the interface element would be a useful tool for examining microstructural fracture behavior. 
Table 1. Effect of interaction parameter on slip length at grain boundary 
Computations Direction of slip 
to the loading direction 
Experiments
A =0.10 A =0.25 A =0.50 A =1.00 
Parallel 2.94 Pm 4.97 Pm 3.07 Pm 1.50 Pm 0.67 Pm 
Transverse 1.83 Pm 1.88 Pm 1.10 Pm 0.44 Pm 0.01 Pm 
 
4. Conclusions 
In order to demonstrate the microstructural fracture behavior in structural materials, the finite element 
method with the interface element was applied for examining the two dimensional virtual polycrystalline 
models obtained through Voronoi tessellations.  From the numerical analyses assuming both elastic and 
elastic-plastic deformation in grains, it was found that the anisotropic mechanical property of grain 
boundary (interaction between opening and sliding deformation) would be a dominant factor of the 
fracture processes.  Also, it can be concluded that this finite element method would be a useful tool for 
examining microstructural fracture behavior. 
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